The guts of Tenebrio Molitor Linnaeus (yellow mealworm) were used as inocula to isolate reducing sugar-producing bacteria during bioconversion of lignocellulose to reducing sugars in this study. Three carbon sources, i.e., carboxymethyl cellulose (CMC), filter paper (FP), and lignocellulosic waste (LIG), were specifically selected; and two types of culturing media (M1 and M2) were used. After 6 months of sequential cultivation, lignocellulose (i.e., polysaccharides) degradation of enrichments M1-CMC (47.5%), M1-FP (73.3%), M1-LIG (70.4%), M2-CMC (55.7%), M2-FP (73.1%) and M2-LIG (71.7%) was achieved, respectively, with incubation for 48 h. Furthermore, seven bacterial strains were successfully isolated corresponding to most of the major bands detected by denaturing gradient gel electrophoresis analysis. The maximum reducing sugars yield by the combination of Agromyces sp. C42 and Stenotrophomonas sp. A10b was 56.7 mg g·LIG −1 of 48 h, which is approximate 2-5 times higher than the original enrichments and individual microbial strains. These findings suggest that bioconversion by microorganisms from mealworm guts has great application potential for lignocellulose hydrolysis.
Chemical, mechanical, and enzymatic approaches have been used in the hydrolysis of lignocellulose (i.e., consisting of cellulose, hemicellulose and lignin) to release primarily hexose and pentose sugars for subsequent fermentation to ethanol, lactic acid and xylitol (19, 23) ; however, some drawbacks of these conventional approaches (e.g., inhibition by acid of the subsequent bioprocess, and the high cost of the enzyme) (7, 17, 22, 25) have attracted the attention of scientists. Alternatively, recent studies on microbial degradation of large molecules, such as cellulose, hemicellulose, and lignin, have suggested that bioconversion is a possible treatment of lignocellulosic waste (3, 9, 11) .
Ruminant animals have been reported to utilize cellulose as an energy source, depending on a symbiotic relationship with microbes in the rumen (15, 18) . Mealworms are known as the primary consumers of organic residues. The ingestion and digestion of organic residues by mealworms trigger a series of physiological and biochemical events that result in the conversion of protein, carbohydrate and lipid into utilizable nutrients (27) . Although insect digestion has been studied for more than a century, current understanding of this subject is far from complete.
Mealworm gut microbes have been studied on digestive enzymes such as cellobiase, cellulase and amylase (5, 26) . Efficient microbial strains from mealworm guts for lignocellulosic waste degradation under aerobic conditions and the production of reducing sugars remain to be further explored. In the present study, microorganisms in the guts of Tenebrio Molitor Linnaeus (yellow mealworm) were selected as the species has been reported to survive on a diet of lignocellulose biomass powder for at least 15 days. Three sole-carbon sources, i.e., carboxymethyl cellulose (CMC), filter paper (FP) and lignocellulosic waste (LIG), were used to enrich lignocellulose-degrading bacteria. Both culture-independent and culture-dependent approaches were engaged to characterize lignocellulose-degrading microbial isolates. A microbial cocktail was also investigated to further promote reducing sugar yield from lignocellulosic materials because a mixed culture with "symbiosis activity" might promote lignocellulose degradation (10, 12) .
Lignocellulosic waste is one of the sustainable sources in nature compared with food-based feedstock for fuel ethanol production. The findings of this study are expected to extend our understanding of reducing sugar-producing microorganisms from guts, and to provide a basis for developing optimal control and management strategies for the treatment of lignocellulosic waste in the future.
Materials and Methods

Sample collection and batch enrichment
Tenebrio Molitor Linnaeus (yellow mealworm) was our laboratory stock and was fed with lignocellulosic waste for 2 weeks prior to use. These mealworms were surface sterilized by 70% ethanol and subsequently washed in sterilized water. Every 8 mealworms were disrupted by passing through a syringe needle for each medium (described below). The disrupted gut debris were suspended in 200 mL medium 1 (i.e., yeast extract, 0.04 g L −1 ; malt extract, 100 mg
; pH 7.0±0.2) (30) and medium 2 (i.e.,
; yeast extract, 1.0 g L −1 ), respectively. Both medium 1 and medium 2 were supplemented with carboxymethyl cellulose (CMC; 10 g L −1
; Fluka, Buchs, Switzerland; degree of substitution 0.70-0.85; M1-CMC and M2-CMC), filter paper strips (FP; 10 g L −1 ; M1-FP and M2-FP), and lignocellulose waste powder (LIG; 10 g L −1 ; <1 mm; M1-LIG and M2-LIG), respectively. Each 250 mL Erlenmeyer flask was loaded with the crushed guts of 8 mealworms as inocula in 2 basic nutrients with three carbon sources, respectively. The culture medium was adjusted to pH 7.0±0.2. The flasks were placed in a reciprocal incubation shaker (OLS 200, Grant Instruments, Cambridge, UK) with a horizontal rotation speed of 150 rpm at 30±2°C. For the first batch, 50% (v/ v) of cultivated solution (including the used medium, cultures, and carbon source) was removed after 15-day incubation, and replaced with 100 mL fresh sterilized medium and 10 g of each sterilized carbon source. After the third batch, 75% (v/v) of the cultivated solution was removed and supplemented with 150 mL fresh sterilized medium and 10 g of each sterilized carbon source. Polysaccharide degradation and reducing sugar yield were monitored 1-2 times a week. This enrichment process was conducted for up to 6 months. Subsequently, batch degradation assays and microbial community analyses were carried out with effective lignocellulose-degrading microbial combinations. For batch degradation tests, polysaccharide degradation and reducing sugar production were measured at the end of 24 h and 48 h incubation and continuously monitored for 7 d.
Preparation of lignocellulose
Lignocellulosic waste was obtained from a local landscaping and construction firm in Singapore. The main components of raw waste are leaves, uprooted weeds, twigs, grass clippings and small branches. Raw waste was washed thoroughly with water to remove soil and clay, and was subsequently milled to powder of <1 mm. Extracts (e.g., waxes, fats, some resins and portions of wood gums) were removed to liberate cellulose and hemicellulose from lignin with toluene-ethanol (2:1, v/v) in a Soxhlet apparatus (Schott, Mainz, Duran, Germany) for 6 h and were heated at 60°C until completely dry (24) .
Chemical analyses
A phenol-sulfuric acid method was used to quantify polysaccharides (4), with glucose as the standard. Polysaccharide degradation efficiency (%) was calculated by dividing the difference of initial and remaining (each day) polysaccharide concentration to initial polysaccharide concentration and multiplying by 100. Monosaccharides were measured by the DNS method with glucose as the standard (14) . Each sample was measured in triplicate. In addition, pH was measured with a PCD 6500 pH meter (CyberScan, Eutech Instruments, Ayer Rajah Crescent, Singapore).
Scanning electron microscopy (SEM)
After a 6-month enrichment process, the microorganisms were gently washed with a phosphate buffer solution and fixed for 4 hours in 4% paraformaldehyde. The fixed samples were subsequently dehydrated through a series of ethanol solutions with increasing concentrations (40, 60, 80 and 100%) and dried with a Freeze Dryer (Edwards, Crawley, West Sussex, UK) or Critical Point 6 Dryer (E3000) (VG Microtech, East Grinstead, West Sussex, UK). The cell morphology was examined and observed by a scanning electron microscope (JSM-6400, JEOL, Tokyo) at an accelerating voltage of 12 or 15 kV.
Isolation
Nutrient agar (Difco, Becton Dickinson, Sparks, MD, USA) was used for bacterial isolation. The solution of each of the six enrichments (after 6 months of enrichment) was serially diluted with sterilized water (10 1 to 10 6 -fold dilutions), and 0.1 mL of each dilution was spread onto agar plates. The plates were incubated in an incubator at 30°C until clear colonies appeared. After three successive transfers, distinct colonies had been further transferred to lignocellulose agar plates (with LIG powder as sole carbon source, 10 g L −1 ) to confirm that the isolated strains were able to utilize lignocellulose. Redundancy of the obtained microbial strains was eliminated based on colony morphology, color and size.
Denaturing gradient gel electrophoresis (DGGE)
After six months of enrichment, genomic DNA of six enrichments was extracted by a ZYMO research soil microbe DNA extraction kit (ZYR, Zymo Research, Irvine, CA, USA). The PCR-amplified fragments (primer set P2/P3-GC [16] , corresponding to positions 341 and 534 in the Escherichia coli sequence) were separated by a DCode universal mutation detection system (Bio-Rad Laboratories, Hercules, CA, USA) under the conditions of 1×TAE buffer, 85 V, at 60°C for 15 h. Subsequently, the gel was stained with ethidium bromide and photographed with an EDAS 290 gel imaging system (Eastman Kodak Company, Rochester, NY, USA).
Phylogenetic analyses
The 16S rRNA gene of microbial isolates was amplified by the whole-cell direct-lysis PCR amplification method. The bacterial primer set 8F/1490R was used to amplify the approximate full length of the 16S rRNA gene for the isolates (29) . Subsequently, the PCR products were purified with a Wizard SV Gel and PCR Clean-up System (Promega, Madison, WI, USA) according to the manufacturer's instructions and stored at −20°C before sequencing by a local sequencing service company (1 st BASE, Science Park Road, Singapore).
The obtained sequences were compared to the sequences available from the Ribosomal Database Project (RDP) and the EMBL/ GenBank databases for phylogenetic analyses. The obtained relevant sequences were aligned using the Clustal W algorithm (program version 1.83), and a neighbor-joining tree was constructed with 100 bootstraps using the PHYLIP program package 3.9. Aquifex pyrophilus (M83548) was used as the outgroup.
Microbial cocktail
180 mL culture medium (with 10 g L −1 of each pretreated carbon source) and 20 mL bacterial cell solution (with consistent cell concentration OD600 of 0.017±0.001) using a spectrophotometer (DU 640 B, Beckman-Coulter, Fullerton, CA, USA) were prepared and mixed in a 250 mL Erlenmeyer flask. All cultures were carried out on a shaking incubator (Multitron, Infors AG, Bottmingen, Switzerland) at 30°C and with 120-150 revolutions per minute (rpm). The concentration of reducing sugars was analyzed after 24 h, 48 h and continuously monitored for 7 d.
Accession numbers of nucleotide sequences
Nucleotide sequences of the partial 16S rRNA genes of the isolated bacteria have been deposited in GenBank/EMBL/DDBJ under accession numbers GU394953 to GU394959.
Results
Degradation properties of the microbial community Table 1 shows the performance of polysaccharide (i.e., cellulose and hemicellulose) degradation by the six enrichments (i.e., M1-CMC, M1-FP, M1-LIG, M2-CMC, M2-FP and M2-LIG) after 6-month successful enrichment processes. The initial polysaccharide concentration ranged from 3,683.9 to 4,279.9 mg L −1 . Polysaccharide degradation was rapid in the initial 24 h (44.6%, 23.2%, 56.5%, 23.3% 45.8% and 71.7% for M1-CMC, M1-FP, M1-LIG, M2-CMC, M2-FP and M2-LIG respectively), and further increased at 48 h (47.5%, 73.3%, 70.4%, 55.7% and 73.1% for M1-CMC, M1-FP, M1-LIG, M2-CMC and M2-FP, respectively), except M2-LIG. No significant degradation of polysaccharides was observed after 48 h.
Accompanying polysaccharide degradation, the reducing sugar yield increased significantly, ranging from 6.1 to 30.5 mg g-substrate −1 in the first 24 h. Among them, the greatest reducing sugar yield was observed in M2-CMC (30.5 mg gsubstrate −1 ). The reducing sugar yield by M1-CMC, M1-FP, M1-LIG and M2-LIG slightly increased to 10.5, 6.5, 7.5 and 12.6 mg g-substrate −1 at 48 h, respectively. In contrast, the reducing sugar yield by M2-CMC and M2-FP slightly decreased to 29.2 and 9.3 mg g-substrate −1 at 48 h. Additionally, the concentration of reducing sugars in the six enrichments decreased after 48 h (data not shown). In the degradation of polysaccharides, the production and consumption of reducing sugars occur simultaneously during cultivation, so observation of the decrease might be due to the faster consumption than production of reducing sugar by the bacteria in the combinations. The overall results indicated that the polysaccharides were degraded significantly within 48 h by these selected microbial communities, and reducing sugars were produced mainly in this period. This suggests the reducing sugars should be harvested in this period. Fig. 1 shows the microbial morphotypes presented in the six enrichments for lignocellulose degradation and reducing sugar production. A close examination of the mixed cultures revealed the presence of a large diversity of microbial morphotypes, generally including bacterial rods, cocci, and actinomycete-like cells. These microorganisms were embedded in an extracellular polymeric matrix. Most of the microorganisms grown in M1-CMC and M2-CMC were short rods and cocci; some long rod microbes were also found in M2-CMC, which was different from M1-CMC. In M1-LIG and M2-LIG cultures, cocci and filamentous microbes were embedded in the lignocellulose biomass. The microorganisms isolated from M1-FP were cocci and short rods, while those from M2-FP were curved rods and cocci. DGGE analysis further indicated that approximately 7-12 dominant strains were present in the six enrichments (Fig.  2) . A different medium or substrate results in a different dominant microbial population. Among the six combinations, M1-LIG and M2-LIG had relatively simpler microbial communities than the others feeding by CMC and FP. These lignocellulose-degrading-related bacteria were subsequently characterized by isolation.
SEM and DGGE observations
Isolation and phylogenetic analyses
Seven bacterial strains were isolated from the obtained lignocellulose-degrading enrichments (Table 2 ). These 7 isolates were subjected to partial 16S rRNA gene sequencing for identification. The putative division and nearest relatives of these 7 isolates are summarized in Table 2 and Fig. 3 .
From phylogenetic analyses, the isolated aerobic lignocellulolytic microorganisms belonged to various groups, including Actinobacteria (2 strains), Betaproteobacteria (1 strain) and Gammaproteobacteria (4 strains) ( Table 2 ). The SEM observations (Fig. 1) were in line with the iden- tification results and Bergey's Manual of Systematic Bacteriology (6) . In Actinobacteria, the isolates (strains C42 and C43a) were affiliated with Agromyces sp., and Mycobacterium austroafricanum, respectively. In Betaproteobacteria, the isolate (strain C12b) was closely related to Xenophilus azovorans. The rest of the isolates were affiliated with Strenotrophomonas spp. (strains A10b and B3a), and Pseudomonas spp. (strains B18b and C26) in Gammaproteobacteria. Additionally, these isolates corresponded to some of the major bands on the DGGE gel (Fig. 2) ; however, whether there are more yet-to-be-cultured bacteria from the DGGE gel that may be involved in lignocellulose degradation remains to be further explored.
Microbial cocktail for effective and efficient degradation of lignocelluloses Four fast-growing strains among the obtained isolates, consisting of Agromyces sp. C42, Mycobacterium sp. C43a, Strenotrophomonas sp. A10b, and Pseudomonas sp. C26, were selected to investigate the best defined microbial cocktail which can effectively convert lignocellulosic waste to reducing sugars. A series of combination tests was carried out using two to four strains. Table 3 shows the summary of reducing sugar production from lignocellulose by individual strains and microbial cocktails within 48 h. All the original strains had reducing sugar production at 12.1 (strain C42), 30.2 (strain C43a), 0.7 (strain A10b) and 9.8 mg g-LIG −1 (strain C26) within 48-h incubation. The reducing sugar production of Strenotrophomonas sp. A10b was only observed after 96-h incubation (data not shown). For microbial cocktails, four combinations (i.e., C42+A10b, Fig. 3 . Phylogenetic tree of 16S rRNA gene sequences (>1,300 bp) constructed for lignocellulose-degrading isolates from guts of yellow mealworm. The tree was obtained using the neighbor-joining algorithm with bootstrapping (PHYLIP). Aquifex pyrophilus (M83548) was used as the outgroup. Scale bar represents the estimated number of nucleotide changes per sequence position.
C42+C43a, C42+C26, C43a+A10b+C26) showed a higher production of reducing sugars than individual strains, ranging from 27.4 to 56.7 mg g-LIG −1 . Among these combinations, the best microbial cocktail consisting of Agromyces sp. C42 and Strenotrophomonas sp. A10b was identified. The reducing sugar yield of this microbial cocktail was 56.7 mg g-LIG −1 , which is approximately 2-5 times higher than the original combinations from the enrichments (Table  1 ) and individual strains (Table 3) .
Discussion
Lignocellulosic waste has been widely treated as identical to other solid wastes by incineration or composting, and the value of these organic wastes has been overlooked for a long time. Cellulose and hemicellulose from lignocellulosic waste have been reported to be degraded to reducing sugars for fuel or useful chemical production (e.g., ethanol) by microorganisms (1) . Bioconversion by microorganism offers a cheaper and safer method than chemical treatments. In this study, after 6 months of sequential cultivation and selection, lignocellulose-degrading microbial communities were successfully established from the guts of yellow mealworm using 2 basic nutrients (M1 and M2) with three carbon sources (i.e., CMC, FP and LIG). All six microbial communities reached a steady state of lignocellulose degradation under aerobic conditions. Kato and co-workers (8) reported that stable cellulose degradation efficiency was 83% aerobically and only 19.3% anaerobically (for 8 days) respectively. The other two studies (1, 32) also suggested a long degradation time (15-30% lignocellulose degradation aerobically for 25 days, whereas 250 days of incubation was required under anaerobic conditions). Our findings not only support the high degradation rates of lignocelluloses under aerobic conditions, but also further demonstrate that very high efficiency can be achieved within 48 h (47.5-73.3%, Table 1 ).
Seven bacterial strains were successfully isolated corresponding to some of the major bands detected by DGGE analysis from the enriched microflora after 6-month cultivation. Among the obtained isolates, strains A10b and B3a, which are closely related to Stenotrophomonas in Gammaproteobacteria, have been suggested to have high lignocellulose degradability (8) . Another two strains (B18b and C26) in Gammaproteobacteria were affiliated with members of the Pseudomonas, which are reportedly strict aerobes and commonly known for the presence of various metabolic pathways that are capable of degrading complex organic compounds, including xenobiotics (11) . In the Actinobacteria group, one strain C42, related to Agromyces and Cellulomonas, was obtained, which has been described as coryneform bacteria that produce at least six endoglucanases and one exoglucanase (Cex) with cellulose-degrading ability (2) . Various strains of Cellulomonas have been reported to have high utilization on cellulosic substrates and low utilization on xylan, galactomannan, starch and sugars (21) .
The best combination of microbial cocktail consisting of Agromyces sp. C42 and Stenotrophomonas sp. A10b was successfully constructed in this study, and could produce 56.7 mg reducing sugar per 1 g LIG (Table 3) . Agromyces sp. C42 could play a positive role in the combination; one strain of this species was isolated in a Chinese primeval forest (13) and was also found to degrade torrefied grass fibers (28) . Stenotrophomonas sp. A10b showed low reducing sugarproducing capability on its own, and it has not been reported to relate to lignocellulose degradation; however, when it was combined with Agromyces sp. C42, this combination obtained the maximum reducing sugar yield in this study. The function of Agromyces-related bacteria during lignocellulose degradation and reducing sugar production is unclear. Another interesting finding during combination was that no reducing sugar was detected when these four isolates were combined.
The other remarkable combination of microbial cocktail was Agromyces sp. C42 and Mycobacterium sp. C43a, which could produce 52.3 mg reducing sugar per 1 g LIG. Mycobacterium sp. C43a shows good coexistence in combination, and is an aerobic actinomycete and a fungi-like bacterium (31) . Actinomycete is known for its ability to degrade both lignin and cellulose in lignocelluloses that are commonly found in soil (20) . These defined microbial combinations are significant for reducing sugar production from lignocellulosic waste and suggest that a synthetic cocktail is much better than the original microbial communities and single strains. The selected species and combinations are unique and have been seldom reported from this aspect.
Conclusion
In conclusion, polysaccharides (i.e., cellulose and hemicellulose) in lignocellulosic waste can be degraded by microorganisms from the guts of yellow mealworm under aerobic conditions. Seven bacterial strains were successfully isolated in this study. A microbial cocktail (Agromyces sp. C42 and Stenotrophomonas sp. A10b) was successfully constructed with 2-5 times more reducing sugar yield than the original combination and individual isolated strains. Although this microbial cocktail showed good lignocellulosedegrading activity, the reducing sugar conversion rate was only 5.7% (w/w), suggesting that potential applications in the future should focus on lignocellulosic waste minimization. Furthermore, the active functional genes and the interaction among microorganisms in the microbial cocktail remain to be further investigated.
